Abstract-With increasing concern over global climate change, policy makers are promoting renewable energy sources, predominantly wind generation, as a means of meeting emissions reduction targets. Although wind generation does not itself produce any harmful emissions, its effect on power system operation can actually cause an increase in the emissions of conventional plants. A dispatch model was developed that analyzes the impact that wind generation has on the operation of conventional plants and the resulting emissions of carbon dioxide (CO 2 ), sulphur dioxide (SO 2 ), and oxides of nitrogen (NO X ). The analysis concentrates on a "forecasted" approach that incorporates wind generation forecasts in the dispatch decisions. It was found that wind generation could be used as a tool for reducing CO 2 emissions but alone, it was not effective in curbing SO 2 and NO X emissions.
I. INTRODUCTION

D
UE to concerns regarding global warming and air pollution, there has been an international movement in the promotion of renewable technologies for electricity generation and the development of national emissions limits [1] . A number of directives controlling emissions are currently in place that have particular impact on the electricity industry, such as the Kyoto Protocol [2] , the Large Combustion Plant Directive [3] , and the National Emissions Ceilings Directive [4] . As wind generation does not itself create any harmful emissions, policy makers often promote it as a means to reduce a country's national emissions levels. However, it is unclear whether policy makers consider the effects that large levels of wind generation have on system operation. A system operator's primary objective is to maintain a secure and reliable electricity supply; however, a large penetration of unpredictable and variable generation introduces additional constraints on the system. Any imposed constraint on system operation will result in an increase in operation costs and may have a detrimental effect on emissions.
In order to accommodate the variability of the wind generation, a system operator may decide to operate a number of combustion plants at lower operating levels to be available to ramp up should the wind generation drop off. With certain generator types, emissions per megawatt increase when the generator's load is reduced [5] . With increasing levels of wind pene-tration, combustion plants may be required to ramp up and down more frequently to accommodate the unpredictable variability in the wind generation [6] . Emissions increases are also apparent during ramping and starting up of combustion plants. Thus, it may be the case that some of the environmental benefits of wind generation may be negated by an increase in emissions from combustion plants accommodating the wind generation. The extent of this impact will depend predominantly on the plant mix in the system. As discussed in [7] , even a demand-side involvement in system operation can have a detrimental effect on emissions given a particular plant mix. This paper will analyze the effect that wind generation has on emissions from generation plants under certain system operation scenarios. Section II outlines the processes by which CO , SO , and NO are formed in the combustion of different fuels. Section III briefly describes alternative system operation approaches with wind generation, details the dispatch model, and outlines some of the assumptions used in the paper. The results and discussions for sample years 2003 and 2010 for a real power system along with certain scenarios are summarized in Section IV. The conclusions are given in Section V.
II. EMISSION CREATION IN COMBUSTION PLANTS
Carbon dioxide is generated by the combustion of fuels containing carbon. The amount of carbon dioxide released is in direct proportion to the amount of carbon in the fuel and the quantity of fuel burnt. Thus, a generation plant that burns a carbon-intensive fuel will generate more carbon dioxide at increased levels of operation.
Sulphur (S) is found in hydrocarbon fuels and is mostly in pure form. Given the high temperatures and oxygen concentrations during combustion, sulphur dioxide (SO ) is the principal sulphur compound formed in combustion [8] . As a result, the analysis that follows will concentrate on emissions of SO rather than alternative sulphur compounds.
Oxides of nitrogen (NO ) are formed by the combination of nitric oxide (NO) and nitrogen dioxide (NO ). NO and NO are formed during combustion by the reaction of nitrogen present in the combustion system, either in the fuel or in the combustion environment. Normally, NO is formed in much larger amounts than NO , and NO is formed by further reaction of NO [9] . Thus, NO formation determines the total amount of NO emitted. Unlike CO and SO , NO formation does not depend solely on the nitrogen content of the fuel. It is also significantly affected by the flame temperature, the oxygen concentration, and the residence time. The formation of NO can be attributed to four distinct chemical kinetic processes:
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A. Coal, Heavy Fuel Oil Generators, and Peat
As described above, the carbon dioxide and sulphur dioxide emissions from a generation plant depend on the chemical content and the calorific value of the fuel. Coal typically has a carbon content of about 65% and a calorific value of 26 MJ/kg, and heavy fuel oils have a carbon content of about 87% and a calorific value of 40 MJ/kg [11] . Heavy fuel oils usually contain higher amounts of sulphur than other petroleum products as sulphur tends to concentrate in the residue during the refining processes [12] . Low sulphur heavy fuel oil has a lower sulphur content, about 0.5%-1.0% compared to 2% for standard heavy fuel oils. Fuel NO is the major source of NO emissions from the combustion of nitrogen bearing fuels such as heavy oils, coal, and peat 1 [14] .
B. Gas-Fired Generators
The typical carbon content of natural gas is 70% with a calorific value of approximately 48 MJ/Nm . Natural gas contains a negligible amount of sulphur; thus, emissions of SO are not significant for gas turbines [11] . Thermal NO is the predominant source of NO emissions from a gas turbine. Due to the increasing number of gas fired generation plants on electricity systems, and their unique NO characteristics, the formation of NO in a gas turbine will be outlined in more detail below.
Thermal NO is formed by reactions known as the Zeldovich mechanism. These reactions determine the rate of thermal NO that becomes significantly faster at high temperatures. NO can be minimized by reducing the concentration of , and by reducing the temperature [15] ; however, reducing the flame temperature reduces the efficiency of the plant.
In order to achieve reduced emissions, gas turbine manufacturers have adopted lean premixed combustion as a standard technique. This premix (of fuel and air) achieves low levels of pollutant emissions without the need for additional hardware for steam injection or selective catalytic reduction. By premixing the fuel and air prior to firing, localized regions of near stoichiometric fuel-air mixtures are avoided and a subsequent reduction in thermal NO can be realized [16] . Lean premixed combustion is limited by the presence of combustion instabilities, which induce high-pressure fluctuations, which can produce turbine damage, flame instability, and even flame extinction [17] . For this reason, the fuel and air premix is not possible during startup and at reduced load levels (below about 65%-70% of maximum capacity). As a result, NO emissions in a combined cycle gas turbine (CCGT) and an open cycle gas turbine (OCGT) increase significantly at lower loads (see Fig. 1 ).
From Fig. 1 , it is clear that if a CCGT is forced to operate below approximately 70% or an open gas cycle gas turbine below 60%, NO emissions per megawatt will increase significantly. 1 Peat is made up of partially decomposed plant debris and is considered an early stage in the development of coal. Peat is distinguished from lignite by the presence of free cellulose and a high moisture content (exceeding 70%) [13] . III. IMPACT OF WIND GENERATION ON ELECTRICITY SYSTEM OPERATION Due to its relatively unpredictable and variable nature, wind generation can cause significant issues for system operators. Two system operation approaches have been investigated in this paper. The first is known as the fuelsaver approach, and under this approach, wind generation is not considered in the scheduling of the plants. The second approach is known as the forecasted approach, and this operation strategy incorporates wind generation forecasts into the scheduling decisions.
Previous studies analyzing the system impacts of wind generation have concentrated on the fuelsaver approach (see [18] and [19] ). Under this approach, wind generation is not considered in the scheduling of the plants, and the unit commitment decisions are made ignoring any installed wind capacity. Once the scheduling decision has been made, the wind generation is considered. If wind generation is available, it is used, and marginal conventional plants that were dispatched are deloaded to accommodate the wind generation. A conventional plant can be deloaded as far as its minimum, but no plants are switched off. If wind production reaches a level such that no more conventional generation can be deloaded, then any further wind production is curtailed. This operational strategy considers that the only benefit of wind generation is a fuel-saving one, and it assumes that wind generation has a capacity value of zero. This is a simplistic approach, and it allows issues of forecasting and reliability of wind production along with some issues of system dynamics to be ignored. An alternative operation approach, the forecasted approach, is studied here. Under this operational strategy, wind forecasts are included in the dispatch decisions [20] . As a result, fewer plants are dispatched and are run at higher efficiencies than under the fuelsaver approach.
A. Dispatch Model
The dispatch model used in this analysis aims to represent a deregulated market where central unit commitment algorithms are not used and market participants are expected to self-commit. The model is an economic dispatch model that aims to dispatch the system in a least-cost manner subject to constraints. To achieve this least-cost solution, a linear programming market clearing formulation is used to co-optimize unit operating points and reserve levels on an hourly basis. Generators are assumed to have linear, cost-reflective bids for energy and reserve. The aim is to minimize the following objective function: (1) where is the power from unit , and hence the size of the contingency on loss of unit , and is the primary reserve from unit . The energy and reserve bids of generator are given by and , respectively, and is the number of generators. If losses are neglected, then the minimization is subject to a load-balancing constraint and a reserve target ( )
The characteristics for each unit are given by
The nature of the reserve characteristics for the units is illustrated in Fig. 2 .
Reserve targets are based on [21] , where there is a base case tertiary reserve target equal to the size of the largest unit and an increasing reserve target with increased installed wind generation. This increase in the reserve target is derived by taking into account wind power forecast errors, load forecast errors, system reliability criteria, and forced outage probabilities [21] .
Discrete decisions must be made about the on/off status of a generator to ensure it is not dispatched in its infeasible region . Since the dispatch model does not explicitly contain discrete decision variables, the following approach was adopted. The model is first run with the feasible set of permitted to fluctuate between 0 and . This will result in optimality but not necessarily feasibility as some units may be dispatched below their minimum operating point . Given linear bids for energy and reserve, and the nature of the constraints, it is assumed that those units that have been dispatched below their minimum are necessary for load balance (2) . Thus, the algorithm is run a second time with all units that were deemed necessary for the dispatch turned on. This is done by constraining . The remainder of the units are made unavailable. The algorithm now returns a feasible dispatch. Further details can be found in [22] .
This simple approach can potentially result in surplus generation; however, on multiple runs, it was found that this methodology gave only a very slight increase in the value of the objec- tive function between the first and second run of the algorithm. Results were also compared to a unit commitment algorithm, available within the PLEXOS environment [23] . After multiple comparative runs, the mean absolute error of the annual emissions from the dispatch model compared to the unit commitment model was less than 0.5% for CO and SO . The dispatch model underestimates the NO emissions by approximately 10% due to the dispatch algorithm not having the ability to deal with temporal constraints, mainly minimum up times. However, the impact of wind generation on the NO emissions was quantitatively the same, regardless of which model was used, i.e., the same reduction/increase was observed. As the objective of this paper is to investigate emissions reduction, the dispatch model was deemed appropriate.
B. Pumped Storage
In the system analyzed in Section IV, there is one large 292 MW pumped storage station that plays a critical role in system security. It pumps during the night in order to be available for reserve during the night and for energy and reserve during the day. It is also used to maintain the operation levels of cheap, inflexible base-loaded plants at night. Given the different startup times of various plants on the system, the pumped storage station is often used to start up some plants so they will be available for energy and reserve during the day. The dispatch model based the operation of this pumped storage station on historical dispatches [24] .
C. Wind Generation
The assumed wind generated on any day was based on ten years of real data from Irish wind farms [5] , [24] . Wind generation does not follow a predictable profile each day, so for each sample day simulated, a range of possible wind profiles was generated based on real historical data for the month in which the sample day occurred. A wind profile was then chosen at random from the range given. These profiles spanned from some days with particularly low wind generation to some days with particularly high wind generation. Fig. 3 illustrates the actual wind profiles on five sample days in June 2003.
It can be seen from Fig. 3 that over a small number of days, the wind generation was seen to peak at different times of the day and displayed different levels of wind output. In the dispatch model, wind turbine availability was assumed to be 90%.
Under the fuelsaver approach, the algorithm is run with the installed wind capacity set to equal zero. Once a feasible dispatch had been determined, a suitably scaled wind profile is selected at random, as described above. Those plants that were dispatched by the model are then deloaded to accommodate the assumed wind generation, starting with the most expensive unit.
When the model is run using the forecasted approach, the wind generation "bids" into the dispatch model, with an assumed bid price of /MWh. This ensures that the forecasted wind generation is always the cheapest unit and is thus always accepted in the dispatch decision (in line with the European Union (EU) Directive on the preferential treatment of renewable generation [1] ).
To investigate the impact of daily wind forecast errors on emissions, the model was run with the forecasted wind profile for the first run of the algorithm (as described in Section III-A). This determines which generators are dispatched. Before the second run of the algorithm, the wind profile was changed to an "actual" wind profile. The "actual" wind profile was generated by manipulating the forecasted wind profile using random numbers generated by a Gaussian probability distribution with standard deviations of wind forecasts errors, as given in [21] . It was found that the difference in annual emissions between the model run in its entirety with the "forecasted" wind profile and then as described above was negligible. The mean-squared error of annual emissions between the "forecasted" and "actual" scenario was 0.3% for CO , 0.5% for SO , and 0.5% for NO . Therefore, for any sample day chosen, a perfect wind forecast is assumed as the overestimation of emissions on days of under forecasting will be balanced by underestimations on other days.
D. Emissions Calculations
Once a feasible dispatch has been attained using the model described above, the resulting CO , SO , and NO emissions from the conventional units are calculated for each hour by using specific emissions information for each individual generator [5] . It was assumed that the CO and SO values did not change significantly during ramping. However, due to the increased O levels present during ramping, a 10% increase over steady-state conditions was applied at various loads to capture the potential NO increases during periods of significant ramping [5] .
IV. RESULTS AND DISCUSSION
The chosen test system for this paper is Ireland since it is a small island system with limited interconnection and a relatively large and growing installed wind capacity (currently representing 3.3% of total installed capacity). The Irish electricity system is made up of two separately operated but interconnected systems, one in the Republic of Ireland and one in Northern Ireland. This paper studies an "all Ireland" electricity system, covering the Republic of Ireland and Northern Ireland (referred to jointly in this paper as "Ireland"). It has an installed capacity of almost 7000 MW and one HVDC interconnector to Scotland. Ireland has a large wind power resource; however, its relatively small and weakly interconnected nature makes security issues particularly challenging compared to other systems. Installed capacity of wind generation in the Republic of Ireland as of December 2003 was 353 MW [25] . Ireland is unique in having a large natural peat resource, and peat-fired generation accounts for approximately 350 MW of Ireland's installed capacity [24] . The base-case tertiary reserve target for Ireland is assumed to be 420 MW. For installed wind generation less than 500 MW, there is a minimal increase in the base case tertiary reserve target. Above 500 MW, it was assumed the reserve target increased by 10 MW for every 100 MW installed of wind generation [21] .
Load values for the Republic of Ireland are from the Irish transmission system operator [24] . The Northern Ireland electricity system is about one third of the size of the system in the Republic of Ireland, so the load values for the Republic were scaled up by a factor of 1.33 to represent the two systems. To generate results for an entire year, the model was run for a sample business day and a nonbusiness day for each month and then scaled up to give the results for an entire year. To analyze the system in the year 2010, load was assumed to be 1.25 times the current load [25] .
It is important to note at this stage that although wind generation has an impact on emissions, the extent of this impact is largely due to the plant mix available. As discussed in [7] , the emissions savings to be gained by an alteration to the status-quo system operation is predominantly dependent on the plant fuel type to be affected by this change. Thus, the effects of wind generation in a system with a large installed capacity of coal and oil plants, for example, will differ significantly from the same level of installed capacity in a system with a predominance of gas fired plant. Fig. 4 illustrates emissions for a sample business day (Day 5 from Fig. 3 ) under a fuelsaver and a forecasted scenario against various installed wind capacities. The emissions under each approach are expressed as a percentage of the emissions on the sample day with no wind generation. The assumed installed capacity of conventional generation and emission characteristics of the Irish plant is as it was in 2003.
It is clear from Fig. 4 that although wind generation offers emissions savings, the relationship between installed wind levels and emission reductions is nontrivial. Under the fuelsaver system operation approach, it was found that even with large levels of wind penetration, there were minimal emissions savings over a "no wind" scenario for SO and NO . It was found that in some cases, the national NO emissions actually increased with increasing wind generation operated in a fuelsaver environment, for example, moving from 600-700 MW installed capacity. This was due in part to the characteristics of the CCGTs as described in Section II-B, Fig. 1 . It is also evident that if reduction of SO emissions is a policy objective, then increasing wind generation may not be an ideal policy instrument under either scenario. This is because the heaviest SO polluters in Ireland are the base-loaded coal and peat plants whose operation levels are not affected by changes in wind or load.
The forecasted approach shows greater emissions savings across all emissions when compared with the fuelsaver approach. This is because fewer plants are operating and are running at higher efficiencies than under the fuelsaver approach. For the fuelsaver approach, an installed wind capacity of 800 MW (representing over 11% of the national installed generation capacity) resulted in only a 6.5% reduction in CO , whereas the same installed capacity of wind generation operated under a forecasted approach resulted in a 9% decrease. As a result, the following analysis will concentrate on the forecasted approach due to the under-performance of the fuelsaver approach across all emissions.
Under the forecasted approach, the CO reduction appeared to be in approximately a 1 : 1 relationship with the increasing wind levels. For SO and NO , the relationship was not so simple. In order to understand further this relationship, Fig. 5 illustrates the correlation between the load levels, the wind profile, and the emissions of CO , SO , and NO for the sample business day used in Fig. 4 . The installed wind capacity is assumed to be 300 MW and is operated under a forecasted approach. Each variable has been plotted against its maximum value to illustrate its fluctuations throughout the day.
As expected, CO largely follows the load throughout the day with increasing loads requiring increased generation and hence increased CO emissions. It is also clear that SO emissions remain largely unaffected by variations in the wind or the load due to the base loaded coal and peat plants. NO emissions appear to be most volatile during the night and early morning. This is a period of low load and relatively low wind. During this period, the large 292-MW pumped storage station is pumping, and a number of gas plants are dispatched to operate at a lower efficiency to be available for reserve. This clearly illustrates that regardless of the installed capacity of wind generation, there exist significant system operation factors that affect the NO emissions levels, and any possible NO emission savings from wind generation may be inhibited by such system operation constraints.
The model was then run for the year 2010. By 2010, it is expected that a number of new CCGT plants will have been built in Ireland, and under the Large Combustion Plant Directive and the National Emissions Ceiling Directive, many existing installations will have installed emission abatement technologies by this year. Under the EU Directive [1] , the Republic of Ireland must generate 13.2% of its gross electricity consumption through renewable energy sources by 2010. Given load projections in the ESB's Generation Adequacy Report [26] and an assumed capacity factor of 33%, installed renewable energy in the Republic needs to be approximately 1500 MW in 2010 to meet this renewable target. This is a highly ambitious target considering the total installed capacity of renewable energy in the Republic of Ireland is approximately 570 MW [25] . Fig. 6 shows the resulting annual emissions with varying levels of installed wind generation under a forecasted approach for 2010. Fig. 6 clearly shows that although wind generation can aid in the reduction of CO emissions, it may not be an appropriate measure to reduce emissions of SO and NO . The benefit of wind generation for the reduction of emissions of both SO and NO is minimal, and further investment in wind generation has little effect on emission reductions.
In an attempt to reduce SO and NO emissions, a number of other scenarios were investigated. An alternative approach to reducing emissions is to dispatch the system while incorporating an emissions cost into generators' marginal costs. A tax on carbon of per ton of CO (central scenario in [27] ) was incorporated into the marginal cost of the generators, and the system was dispatched accordingly. This showed significant emission savings across each of CO , SO , and NO . Fig. 7 compares the results from the base case shown in Fig. 6 (solid line) and the results when wind is combined with a carbon tax (broken line).
It is evident from Fig. 7 that when wind is combined with a carbon tax, emission reductions are much greater and are more highly correlated with installed wind. This is due to the carbon tax altering the merit order. Thus, although wind alone may not be the best solution to reduce emissions, when combined with a carbon tax, reduced emissions are apparent across each of CO , SO , and NO .
For security of supply reasons, the Irish Government made a policy decision to adopt a "must run" approach for all peat-fired generators. The inefficient and high emitting peat is then subsidized by a Public Service Obligation on all electricity bills [28] . A scenario was run where this "must run" feature of peat was removed, and the peat plants were required to "bid" their marginal cost [5] like all other plants. Fig. 8 compares the emissions in 2010 with varying levels of installed wind capacity under the base case shown in Fig. 6 (solid line) with the situation where peat must "bid" into dispatch model (broken line).
From Fig. 8 , it can be seen that when wind is combined with a strategy of nonpreferential treatment toward peat, there are significant emission savings of SO . Carbon dioxide and NO emissions are also reduced but to a lesser extent over the case where peat is treated as "must run."
Intuitively, the most efficient and cheapest way to reduce emissions is to reduce the load. Despite the continuing economic growth in Ireland, energy consumption is beginning to decouple from economic growth [29] . The model was thus run for the year 2010 to compare the emissions savings of a load decrease compared to an increase in wind generation. An installed capacity of 800 MW of wind generation was assumed, and the emissions were calculated on each model run with the load decreasing in increments of 10 MW. The process was then repeated for the same year; however, this time, instead of reducing the load, the installed wind generation was increased in increments of 10 MW. Fig. 9 compares the additional wind generation (above 800 MW) that would be required to equal the emissions reductions from a decrease in the load over the year. SO emissions are not included given the minimal SO savings with increasing levels of installed wind.
From Fig. 9 , it can be seen that even a small reduction in the load offers substantial emission savings over wind generation. For example, a 50-MW reduction in the load offers the same CO and NO emission savings as a 100-MW increase in the installed wind capacity. It has been shown that the smoothing of demand variance (from peak hours to off-peak hours) may have a detrimental effect on CO and SO emissions [7] ; however, this is only significant when the majority of plant is coal or oil fired. Since this is not the case in Ireland, a short-term policy promoting the reduction in system demand through energy efficiency and consumer awareness may prove both more economical and more emission efficient than a short-term policy promoting large-scale investment in wind generation.
V. CONCLUSION
Although the results in this paper are based on the Irish electricity system, they are indicative of any system with large penetrations of wind generation. Wind generation operated in a system that incorporates wind generation forecasts in its dispatch decisions (the forecasted approach) provides superior emission reduction benefits over a system that simply accommodates wind generation when it is available (the fuelsaver approach). Considerable CO reductions are seen with increasing levels of installed wind capacity; however, to significantly reduce emissions of SO and NO in Ireland, wind generation must be combined with alternative emission reduction measures such as emission taxes, an alteration in the treatment of peat fired plant, or load reduction schemes. Her research interests are in emissions, the economics of embedded generation, and wind generation integration. He is currently a Professor with University College Dublin and the Director of the Electricity Research Centre, with research interests in power systems, control theory, and biomedical engineering.
